Purpose: To evaluate the changes in peripheral refraction profiles associated with myopia progression and treatment modalities used in the Cambridge Anti-Myopia Study. Methods: One hundred and seventy seven myopes in the age range of 14-22 years were enrolled in the study. The mean spherical equivalent refractive error was -3.12 ± 1.87 D and the refractive error of each participant was corrected with contact lenses. The participants were randomly assigned to one of four treatment groups, which included: altered spherical aberration and vision training, altered spherical aberration only, vision training only and control. Peripheral refractive error was measured using an open field autorefractor in the central 60 degrees of the retina in 10 degree steps. The refractive error was measured using cycloplegic auto-refraction. Two year refractive progression data and initial peripheral refraction measurements were available in 113 participants. Measurements of peripheral refraction and cycloplegic refraction were obtained at 3 visits over 2 years in 12-month intervals for 92 participants.
causative link between peripheral refractive error and myopia progression could not be established.
Peripheral refractive error has been considered as a possible factor influencing myopia development and progression since the 1970s when Hoogerheide et al 1 showed that individuals with certain types of peripheral refraction profiles were more likely to develop myopia than others. Several subsequent studies have found characteristic differences in peripheral refraction between different refractive groups (See Charman and Radhakrishnan 2 for review). Millodot 3 showed that myopic subjects exhibited a relative hyperopic refractive error in the peripheral retina, whereas emmetropes on the other hand tended to have a relative peripheral myopic refractive error. Similar results have been shown by several other studies [4] [5] [6] [7] . Calver et al 8 and Mathur et al 9 studied the changes in peripheral refraction with accommodation in myopes and emmetropes and found no strong differences between refractive groups. Both the studies showed no significant changes in Relative Peripheral Refractive Error (RPRE) with accommodation in myopes and emmetropes. These characteristic peripheral refraction profiles in myopes and emmetropes might merely be associated with the refractive error rather than playing a causative role in refractive changes.
Animal studies have provided evidence for the hypothesis that eye growth can be regulated by different local regions of the retina, rather than just by foveal vision. [10] [11] [12] [13] More recently, studies on infant monkeys suggest that the peripheral retina can play an important role in modulating overall eye growth. [14] [15] [16] [17] [18] [19] However, in contrast, Schippert and Schaeffel 20 found that chicks reared with lenses having clear central apertures remained emmetropic, showing no evidence of failure of emmetropisation when peripheral refraction was artificially changed. It may be that these apparently conflicting results reflect inter-species differences: in particular, visual resolution declines much more rapidly with field angle in primates than in birds. 21 The differences between the studies could also arise from the variations in the extent of visual field restriction caused by pinholes in the studies.
Following Hoogerheide et al's 1 study on late onset myopes, Mutti et al 22 studied approximately 1000 children between the ages of 6 and 14 years measuring RPRE at 30 degrees temporal retina and the axial refraction. They found that children who became myopic had more hyperopic relative peripheral refractive errors than did emmetropes from 2 years before onset through 5 years after onset of myopia. However, peripheral refraction at 30 degrees temporal retina did not change significantly in the post-myopia onset visits. This study shows a potential link between peripheral refractive error and myopia development. The peripheral refraction profiles across the retina were not assessed in this study. Therefore, changes in peripheral refraction profiles associated with myopia development and progression still remain unclear. In a further study, Mutti et al 23 studied peripheral refraction at 30 degrees temporal retina in 2043 non-myopic children and followed up 774 children for a period of 1 to 8 years. They found that relative peripheral refraction does not have a consistent effect on the risk of myopia onset. Sng et al 24 studied peripheral refraction up to 30 degrees eccentricity in the nasal and the temporal retina at 15 degree intervals in 187 children. They showed that baseline peripheral refractive error was not predictive of myopia development/progression. The potential link between peripheral refraction and refractive error in these studies has led to experiments in which spectacle lenses or contact lenses alter the peripheral refraction. [25] [26] [27] It has been found that such lenses may reduce myopia progression over a one year period in some studies. 26 The Cambridge Anti-Myopia Study (CAMS) is designed to evaluate a dual treatment modality for myopia on myopia progression rates. The present study aims to investigate the changes in peripheral refraction profiles associated with myopia progression. The results will help in assessing whether the initial peripheral refraction profiles in myopes support earlier work, whether some features of the peripheral refraction profiles are predictive of subsequent myopic changes and whether the changes in peripheral refraction profiles accompany progression of myopia. It assesses the peripheral refraction profiles in the central 60 degrees of the retina in a subset of the participants enrolled on the CAMS trial in order to evaluate the changes in peripheral refraction profiles associated with myopia progression and treatment modalities.
Methods
One hundred and seventy seven myopes in the age range of 14-22 years were enrolled in the study. This cohort included a subset of the participants who took part in the CAMS trial. The study design for the CAMS trial is described in detail by Allen et al 28 In summary, the Cambridge Anti-Myopia Study is a double masked clinical trial that employs custom designed contact lenses which control spherical aberration in an attempt to optimize static accommodation responses during near-work, and a vision-training programme to improve accommodation dynamics. A factorial trial design was used to test the efficacy of the two independent treatments simultaneously. There were four treatment groups: The spherical equivalent cycloplegic refractive error of the participants ranged between -0.75 to -10.00 Diopters, with astigmatism of 0.75 Diopters or less. All participants had Log MAR visual acuity of 0.00 or better in each eye with spectacle correction. One hundred and seventy seven participants were suitable to commence the trial and to take part in the peripheral refraction measurements. Participants gave informed consent for taking part in the study, which followed the tenets of the Declaration of Helsinki and was approved by the Anglia Ruskin University Ethical Committee.
The blocking variables for the randomisation procedure were age, gender, cylindrical refractive error and participants were stratified for spherical refractive error. Unlike the CAMS trial, individuals with negative spherical aberration were not excluded from the present study. One experimenter, who was unmasked, allocated participants to groups. This experimenter did not participate in any of the masked measurements, and was available to look at treatment regimes with Vision Training, and clinical issues relating to contact lens aftercare. The masked experimenters had no information about the allocation of individual participants to treatment groups. Figure 1 shows a flow diagram depicting the passage of participants through the study.
One of the participants in the contract lens treatment group who completed the 12 month visit did not complete the 24 month visit. Hence, peripheral refraction measurements at all 3 visits were available only for 92 participants. Table 1 shows the baseline characteristics of participants in each group. There were no significant differences in baseline refractive error and age between the four subject groups (p>0.05). No significant differences were found between the baseline characteristics in the initial cohort (n=177), those who completed the study (n=113) and the cohort that took part in all 3 measurements (n=92) of peripheral refraction (p>0.05). Peripheral refraction measurements were taken on the right eye with a Shin-Nippon SRW-500
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Autorefractor (Ajinomoto Trading Inc., Tokyo, Japan) aligned with the centre of the pupil with the target viewing distance of 2.5m. This instrument has been shown to produce valid and reliable measurements of refraction. 32 Contact lenses were removed. Measurements were taken under cycloplegia with two drops of Tropicamide Hydrochloride 1% (Minims; Chauvin) instilled at least 30 minutes prior to the measurements being taken. The participant fixated a high contrast letter target subtending a visual angle of 1.5 minutes of arc mounted on a screen at the appropriate distance from the cornea. Targets were positioned on the screen so that they were separated by 10, 20 and 30 degrees with respect to the line of sight in primary gaze, in both temporal and nasal meridians. Three refraction measurements were taken at each eccentricity and were averaged. Each sphero-cylindrical refractive error measurement was decomposed into vector components using the following equations derived by Thibos et al 33 :
where S is the sphere, C the cylinder, θ the cylinder axis, M the spherical equivalent and J 180 and J 45 are the powers of two Jackson crossed-cylinder components. All averaging was done in terms of these power vectors.
Axial refractive error of both eyes was determined following cycloplegia with two drops of Tropicamide Hydrochloride 1% (Minims; Chauvin) in each eye at five minute intervals. 34 Objective measurement of axial refractive error was made with a Nidek AR600-A auto-refractor using a series of five readings per eye according to the protocol for the CAMS trial. The Nidek AR600-A has been shown to have good repeatability and validity. 35 The cycloplegic refraction data were used to determine myopia progression.
Peripheral refraction and refractive error were measured under cyclopegia at the baseline, 12and 24-month visits. A number of participants were lost to follow-up and refractive progression data was available at 24-months for 113 participants who took part in the initial peripheral refraction measurements. However, the 12 month data were not available on 21 of these participants i.e. peripheral refraction measurements were only available at baseline and 24months for this cohort. Therefore, changes in peripheral refraction over time were studied in this subgroup of 92 participants. Over the course of the trial 36% of participants dropped out of the study. Reasons for dropping out included dislike of the contact lens wearing modality (e.g. the lenses were not daily disposable), difficulty in travelling to data collection appointments and moving away from the trial centre. Some participants did not respond to invitations to follow-up appointments. There was no significant difference in the number of subjects who dropped out of 
Results

Peripheral refractive error profile at baseline
The peripheral refractive error profile at baseline in the central 60 degrees of the retina in all 4 treatment groups is shown in Figure 2 . The spherical equivalent peripheral refractive error in all four groups shows a similar pattern (Figure 2a) , with the nasal retina exhibiting a slightly higher level of relative peripheral hyperopia than the temporal retina. The relative peripheral hyperopia was only found to be statistically significant at 30 degrees in the nasal retina (Tukey's post-hoc test, p<0.05). The baseline axial refractive error in the contact lens group was slightly higher than the baseline axial refractive error in the other three groups, although the differences were not statistically significant with analysis of variance (p>0.05). The astigmatic components in the peripheral retina show a similar pattern in all four groups (Figure 2b and c) . The mean J 180 component was found to be close to zero on axis, changing to more negative values at peripheral eccentricities. The J 45 astigmatic component was found to be more positive in the temporal retina when compared to the nasal retina. Analysis of variance showed no significant difference in spherical equivalent and astigmatic components at all eccentricities between the 4 groups (p>0.05).
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All participants reported at least 10 hours of contact lens wear per day. All participants in the Vision training treatment group reported that they completed the scheduled programme of vision training, and achieved their target facility rates; where our measurements in the clinic revealed that their facility was below the target rate, they were asked to repeat the exercise regime again until their facility was again at the target rate.
Myopia in each of the four groups showed a limited magnitude of progression of -0.34 ± 0.36D (over 2yrs) on average. There were no significant difference in the rate of progression between any of the treatment groups with analysis of variance (p>0.05).
Correlation between peripheral refractive error at the baseline visit and myopia progression
(spherical equivalent refractive error and the astigmatic components) at the 24-month visit (n=113) was studied to assess if any aspect of the initial peripheral refractive error profile can be used as a predictor for myopia progression. -0.20 (p=0.048) and at 24-months: -0.24 (p=0.017)). However, these did not remain significant after Bonferroni correction (p>0.008). Also, it should be noted that there is wide scatter in the data and in some cases the change in spherical equivalent peripheral refraction becomes more positive with refractive progression.
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Discussion
The results show that myopic eyes tend to have relative peripheral hyperopia, especially in the nasal retina. Several other studies have also shown that myopes have prolate shaped eyes with the refractive error tending to be relatively hyperopic in the periphery. 3, 5, 7, 36, 37 The variability of the peripheral refraction measurements from the mean in the present study appear to be similar to those reported in previous literature. 23, 24, 38 A marked reduction (of the order of 0.2D) in relative peripheral refraction in the nasal retina was found following the baseline visit. The cause of such change is unclear but it could have perhaps been due to changes in the corneal curvature following contact lens wear. However, it is unlikely that contact lenses would alter corneal curvature only affecting one half of the retina as the participants were fitted with spherical soft lenses. Participants in the contact lens treatment group and the contact lens and vision therapy treatment group were fitted with spherical aberration altering lenses and the other participants were fitted with contact lenses with zero spherical aberration. It is therefore possible that wearing these contact lenses could have altered the peripheral refraction profiles of the participants. All measurements of peripheral refractive error were, however, obtained without the contact lenses. The fact that no significant effect of treatment group was found on changes in peripheral refraction between the follow up visits indicates that the use of contact lenses is unlikely to have caused any substantial changes to the peripheral refraction. Although many studies have examined the effects of soft contact lens wear on corneal curvature, few have looked at the effect on corneal shape which would impact on peripheral astigmatism. Santodomingo-Rubido et al. 39 found that eighteen months of soft contact lens wear had no effect on corneal peripheral flattening, but their finding was based only on measurement of the anterior corneal surface. Moezzi et al. 40 measured corneal swelling resulting from contact lens wear. They found that soft lenses caused greater corneal swelling centrally than peripherally, flattening the posterior surface of the cornea. Changes to corneal shape might therefore affect the peripheral refraction of the eye through changes to the posterior corneal surface, although this would produce a much smaller effect than changes to the anterior surface.
In a recent study, Miranda et al 41 assessed the effect of contact lens design and material on peripheral refractive error in healthy young adults and showed that most commercially available contact lenses are unlikely to significantly alter the peripheral refraction profiles. The present study showed that the changes in the J 180 and J 45 astigmatic components over the three visits were not significantly correlated with the changes in spherical equivalent refractive error at these visits. This indicates that the changes in spherical equivalent refractive error are unlikely to be due to the changes in corneal curvature.
None of the treatment modalities used in our study had much effect on peripheral refraction. One would expect peripheral refraction to change slightly when participants were wearing contact lenses which induced negative spherical aberration. Previous work has shown that peripheral refraction measurements remain valid when eyes are corrected with conventional soft contact lenses. 42, 43 Lenses with aspherical surfaces would, however, induce different amounts of peripheral astigmatism. Our contact lenses induced relatively low levels of spherical aberration (0.1 microns over a 5mm pupil diameter) and all peripheral refraction measurements in the present study were obtained without contact lenses. Therefore, inherent changes in peripheral refraction produced by the contact lenses are unlikely to have affected the results of the present study.
The mean J 45 component was slightly negative in many participants when measured on axis. This component depends on the magnitude and axis direction of the cylindrical component of the refractive error. It will be negative if the negative cylinder axis lies between 90 degrees and 180 degrees, and its highest negative value is reached when the cylinder axis is 135 degrees. This indicates that many of our participants had oblique astigmatism rather than with-or against-therule astigmatism. The source of this oblique astigmatism is unclear, but it may have resulted from misalignments of the eye's optical structures. For example, theoretical studies have shown that small displacements of the eye's optical axis can affect the J 180 and J 45 components. 44 There is a trend for the J 45 component to become more positive with increasing eccentricity in the temporal retina (nasal visual field), and for the J 180 component to become more negative with increasing eccentricity in both the temporal and nasal retina. These trends agree with previous studies that measured peripheral refractive errors in myopic participants. 6, 43, 45 Figure 3 shows that the only baseline parameters to have a statistically-significant, although low (3-7%), predictive effect for myopia progression were the J 45 values at 20 and 30 degrees nasal field. Therefore, it is possible that the initial relative peripheral refraction over a more limited area of the peripheral field may be more important, rather than the overall peripheral refractive error profile. This hypothesis is further supported by animal studies. 46, 47 The apparent importance of the J 45 rather chicks appeared to "emmetropize" to the meridian with the greater myopic defocus, irrespective of the cylinder axis. In monkeys, application of a 1.50DS/-3.00DC crossed-cylinder lenses resulted in "emmetropization" to one of the two focal planes associated with the two principal meridians of the astigmatism, rather than the circle of least confusion 50 : most animals in their study became more hyperopic. All these studies show that variation between animals is greater with the application of cylindrical lenses than when spherical lenses are used. No previous study has applied cylindrical error in the peripheral retina and studied its effect on axial growth.
The temporal changes in the peripheral refractive error profile with age have been found to be minimal. Atchison et al 45 The limitations of the present study must be acknowledged. As with all cohort studies, some participants may not remain throughout the entire duration of the study and may be lost to follow-up. The 2-year loss to follow-up rate was quite high (64/117; 36%) and may reflect the very transient nature of this age range of the Cambridge population -many were either studying in Cambridge or moved away to study during the period of CAMS. Secondly, contact lens centration was not quantified during data collection. In the fitting assessment of contact lenses the lenses were assessed using qualitative measures. Any lens not achieving a 'good centration'
rating was altered until that rating was achieved. Some contact lens de-centration could potentially result in asymmetric corneal changes that could contribute to asymmetric changes in peripheral refraction. Thirdly, since pupil size varies throughout the day due to different ambient lighting and the various tasks undertaken by the individual, the aberration correction provided by the contact lenses in the contact lens treatment groups is unlikely to have remained consistent throughout the day. Nevertheless, it is expected that the participants would have experienced negative spherical aberration of variable amounts depending on the pupil size and this negative spherical aberration was expected to produce more accurate accommodation in these individuals.
Lastly, the participants' mean age of about 16 years may explain the small myopic progression found in our study. Many studies select younger participants whose refractive errors are likely to change more rapidly.
In summary, most subjects exhibited relative peripheral hyperopia, especially in the nasal retina.
Initial peripheral astigmatic refractive error in the nasal retina was correlated with myopia progression over 2 years. The change in peripheral refractive error at 30 degrees nasal retina was also significantly correlated with progression of myopia. The type of treatment had no effect on changes in peripheral refractive error over time. Relative peripheral hyperopia is associated with myopia progression. However, a causative link between peripheral refractive error and myopia progression could not be established. 
